Abstract Diastrophic dysplasia sulfate transporter (DTDST) is required for synthesis of sulfated proteoglycans in cartilage, and its loss-of-function mutations result in recessively inherited chondrodysplasias. The 40 or so DTDST mutations reported to date cause a group of disorders termed the diastrophic dysplasia (DTD) group. The group ranges from the mildest recessive form of multiple epiphyseal dysplasia (r-MED) through the most common DTD to perinatally lethal atelosteogenesis type II and achondrogenesis 1B. Furthermore, the relationship between DTDST mutations, their sulfate transport function, and disease phenotypes has been described. Here we report a girl with DTDST mutations: a compound heterozygote of a novel p.T266I mutation and a recurrent p.DV340 mutation commonly found in severe phenotypes of the DTD group. In infancy, the girl presented with skeletal manifestations reminiscent of Desbuquois dysplasia, another recessively inherited chondrodysplasia, the mutations of which have never been identified. Her phenotype evolved with age into an intermediate phenotype between r-MED and DTD. Considering her clinical phenotypes and known phenotypes of p.DV340, p.T266I was predicted to be responsible for mild phenotypes of the DTD group. Our results further extend the phenotypic spectrum of DTDST mutations, adding Desbuquois dysplasia to the list of differential diagnosis of the DTD group.
Introduction
The diastrophic dysplasia sulfate transporter gene (DTDST, alias SLC26A2) encodes membrane protein with 12 transmembrane domains composed of 739 amino acids. DTDST transports sulfate and contributes to synthesis of sulfated proteoglycans in cartilage. Approximately 40 DTDST mutations have been reported (Rossi and Superti-Furga 2001) in four autosomal recessive chondrodysplasias, including two nonlethal disorders, a recessive form of multiple epiphyseal dysplasia (r-MED) , and diastrophic dysplasia (DTD) (Hastbacka et al. 1994) ; and two lethal disorders, atelosteogenesis type II (AO-II) (Hastbacka et al. 1996) and achondrogenesis 1B (ACG-1B) (Superti-Furga et al. 1996a) . These disorders constitute a disease spectrum termed the diastrophic dysplasia (DTD) group (Lachman 1998; Hall 2002; Superti-Furga et al. 2007) .
DTDST mutations result in reduction in either sulfate uptake or proteoglycan sulfation. In fact, chondrocytes and cartilage matrices with chondrodysplasias with DTDST mutations show a deficiency of intracellular sulfate and extracellular proteoglycan (Hastbacka et al. 1996; Supertifurga et al. 1996a; Rossi et al. 1997 Rossi et al. , 1998 . Investigation for sulfate transporter function and cell localization of mutant DTDSTs have revealed that DTDST mutations are classifiable into partial-function mutations and null mutations (Karniski 2001 (Karniski , 2004 Maeda et al. 2006) . Partialfunction mutants have 39-69% sulfate transport activity compared with the wild-type DTDST (Karniski 2004) . These mutant proteins are properly expressed on the cell membrane, but they are significantly less than the wild-type protein. Null mutations including p.DV340 create trace amounts of proteins either from poor expression or from rapid degradation. These proteins are expressed only intracellularly, not on the plasma membrane (Karniski 2004) .
The genotype-phenotype correlation of DTDST mutations has been well described (Superti-Furga et al. 1996b; Rossi and Superti-Furga 2001; Karniski 2001 Karniski , 2004 . The current concept includes homozygotes for null mutations resulting in ACG-1B, heterozygotes for both null and partial-function mutations in either AO-II or DTD, and homozygotes for partial-function mutations in r-MED. However, some variants of these diseases, such as McAlister dysplasia as a variant of AO-II (Rossi et al. 1997 ) and broad bone platyspondyly as a variant of DTD (Mégarbané et al. 1999 ), have also been described. Thus, the spectrum of phenotypes caused by DTDST mutations may extend further.
Desbuquois dysplasia is a rare, nonlethal, autosomal recessive disease, and its causative gene was hitherto unknown. Desbuquois dysplasia is characterized by marked short stature of prenatal onset, joint laxity, round face, bulging eyes, midface hypoplasia, ''Swedish-key'' appearance of the proximal femora, hyperphalangy of the index finger, and advanced carpal and tarsal bone ossification (Faivre et al. 2004 ). The phenotypic variations are diverse, and mild Desbuquois dysplasia without hyperphalangy has been reported (Nishimura et al. 1999) . The phenotype variations cause diagnostic confusion, and Desbuquois dysplasia is occasionally misdiagnosed as other chondrodysplasias such as Larsen syndrome.
Here we report an unusual phenotype in a compound heterozygote of a novel p.T266I mutation and a common p.DV340 mutation. The phenotype was indistinguishable in infancy from that of Desbuquois dysplasia, but it evolved into an intermediate between r-MED and DTD. Our experience raises the possibility of a novel phenotype generated by a novel DTDST mutation and implies difficulty in differential diagnosis between Desbuquois dysplasia and mild phenotypes in the DTD group on clinical and radiological grounds.
Materials and methods

Clinical report
The girl was born to a healthy nonconsanguineous Japanese couple by normal delivery at 40 weeks gestation. Her birth height was 49.5 cm. She had bilateral clubfeet, contracture of the MP joints, and hyperextension of bilateral knees. She also had short limbs involving all segments. The midface was somewhat flattened. Radiographs at 2 weeks of age revealed mildly broadened long bones of the legs, bilateral hip subluxation, and bilateral reduction in the talocalcaneal angles of the feet. Radiographs at 7 months of age showed broadening and Swedish-key appearance of the proximal femora and advanced carpal bone ossification (Fig. 1) , which led to a diagnosis of Desbuquois dysplasia. Short stature became obvious at 3 years of age and was remarkable at 4 years of age (88 cm: -3 SD). On radiological examination at 4 years of age, our attention was drawn to proximal femoral epiphyseal dysplasia and broadening of the short tubular bones, resembling those of r-MED (Fig. 2) . The findings led us to a molecular analysis of the DTDST. 
Detection of mutations
Peripheral blood samples of the patient, her parents, and 96 unrelated normal Japanese controls were obtained with written informed consent. Genomic deoxyribonucleic acid (DNA) samples were extracted by standard procedures. The entire coding region and flanking intronic regions were examined by polymerase chain reaction (PCR) and direct sequence analysis (Ikeda et al. 2001) . Direct sequencing was performed using an ABI prism 3700 automated sequencer (Applied Biosystems, Foster City, CA, USA). To obtain allelic information, PCR products containing mutations were cloned using a TOPO TA cloning kit (Invitrogen, Carlsbad, CA, USA) and sequenced. The paternity was confirmed by ten unlinked microsatellite markers. They were genotyped using an ABI prism linkage mapping set v2.5 and an ABI prism 3700 automated sequencer (Applied Biosystems) by standard procedures.
Evaluation of mutations
To investigate the conservation of mutated amino acids p.T266 and p.V340, reference sequences of human (NP_000103), horse (NP_001075403), mouse (NP_031911), chicken (XP_425183), and zebra fish (XP_685114) were obtained from the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/). PSORT, a computer program for the prediction of protein localization sites in cells (http://psort.nibb.ac.jp/), was used to predict the structure before and after introduction of p.T266I.
Results
Detection of mutations
The entire coding region and flanking intronic regions of DTDST were directly sequenced. Two heterozygous mutations, c.797C [ T (p.T266I) and c.1018-1020del (p.DV340), were detected (Table 1 ). The former was not found in the public database for single nucleotide polymorphism (SNP) and mutation or in 96 unrelated Japanese controls, whereas the latter was recurrent (Superti-Furga et al. 1996b ). Polymerase chain reaction (PCR) products containing two mutations were cloned to obtain allelic information, and the patient was recognized as a compound heterozygote of the two mutations (Fig. 3a) . The two mutations were searched in the parents by direct sequence. A heterozygous mutation of c.1018-1020del (p.DV340) was recognized in the mother, but neither of the mutations was found in the father (Fig. 3b) . Paternity was confirmed by genotyping unlinked ten microsatellite markers for the patient and parents.
Evaluation of mutations
Amino acid sequences of DTDST were compared between five diverse species; p.T266 and p.V340 were conserved in all five species (Fig. 4a) . Using PSORT, the structural change of DTDST protein was predicted. T266 was outside of the cell, but I266 was in the plasma membrane. The introduction of p.T266I caused ten-amino-acids shortening of the third cytoplasmic domain and ten-amino-acids elongation of the third extracellular domain of the DTDST protein (Fig. 4b) . ACG1B achondrogenesis 1B, DTD diastrophic dysplasia, AF allele frequency, (-) no data in database Discussion r-MED and DTD are milder diseases in the DTD group. r-MED patients are not short, and they are healthy in childhood other than occasional associations with clubfeet and cleft palate. The radiological hallmarks include, as in the child in this study, broad proximal femora with proximal femoral epiphyseal dysplasia and undertubulated short tubular bones. By contrast, DTD presents with pre-and postnatal short stature, distinctive hitchhiker thumbs, inflammatory ear swelling, and intractable clubfeet, as well as joint dislocations and spinal malalignment. The skeletal changes are variable among affected individuals. Broad proximal femora and undertubulated short tubular bones are occasional, but not exclusive, findings. The presence of short stature and the radiological constellation of the child reported here fit an intermediate between r-MED and DTD. Of note is that in this case, skeletal changes in infancy were reminiscent of Desbuquois dysplasia. r-MED and DTD also show broad proximal femora with prominence of the lesser trochanters, but those are not so prominent that are comparable to Swedish-key appearance. Mildly advanced carpal and tarsal ossifications are known in DTD but are not so prominent as those in this case or Desbuquois dysplasia.
c.1018-1020del (p.DV340) is a relatively common mutation in DTD and ACG-1B. Immunofluorescence analysis showed that p.DV340 was not on the plasma membrane, although DTDST was a plasma membrane protein. Therefore, it was classified as a null mutation and associated with severe phenotypes of the DTD group (Karniski 2004) . c.797C [ T (p.T266I) is a novel mutation, which is supported by its de novo occurrence during paternal gametogenesis. Conservation between diverse species suggests that p.T266 plays an important role in DTDST protein. T266 was predicted to be outside of the plasma membrane because of its OH base, which had no affinity to lipid but to H 2 O. On the other hand, I266 was predicted to migrate in the plasma membrane because it had nonpolarity and high affinity to lipid. As a consequence, the structure of DTDST protein would change drastically, most likely affecting its sulfate transport function.
According to a previous report (Karniski 2004) , nonlethal disorders caused by DTDST mutations would be either a heterozygote of partial-function mutation and null mutation or a homozygote of partial-function mutations. The phenotypes of the child in this study fell into the milder range of the DTD group, and she had p.DV340, a null mutation. Therefore, it seems that c.797C [ T (p.T266I) is classifiable as partial-function mutation, the sulfate transport activity of which is only mildly affected and in which localization is predicted to be on the plasma membrane. The result of the PSORT analysis supports this presumption. Further functional evidence is needed to validate the mutation function.
Thus, we first report a novel DTDST mutation, p.T266I, that results in a novel phenotype in combination with a recurrent null mutation, further extending the phenotypic spectrum of DTDST mutations. We hope that these findings will support clinical and genetic diagnosis of similar chondrodysplasias.
